Abstract-In this paper a novel inspection robot mechanism, which has excellent climbing performance and makes up for the defect of existing robots with poor climbing capability, is proposed for inspecting power transmission lines in some severe environments. After a brief introduction of background, the robot mechanism is described in particular, which is characterized by fore and rear assistant arms. Then the key performance of the inspection robot-climbing capability along inclined lines, is discussed in detail. And the obstacle negotiation process is analyzed. Finally, some simulations are carried out and the results prove that the robot can work well on the power transmission lines with a large angel and negotiate typical obstacles in the line.
INTRODUCTION
In modern society, electric power supply is becoming increasingly important for our daily life. To avoid losses of human lives and properties after power supply fails, the regular power transmission line (PTL) inspection is known as one of the best choices for keeping the power supply reliable. It has become more and more important to obtain the grid running condition and find transmission line faults for maintenance as early as possible. So far, the inspection task is still carried out manually by inspection workers with special instruments on the ground or completed by helicopters flying over it. In the manual inspection method, a group of workers drive or walk from tower to tower, and inspect the power transmission lines with the help of binoculars and infrared cameras. Sometimes they have to climb the towers or ride on gondolas suspended on the power transmission lines. This manual inspection practices certainly bring about some disadvantages, such as high working intensity, lower efficiency and high risk. And it is difficult to assure the inspection quality in aboriginal forests, grasslands and mountain areas due to the harsh environments. In the helicopter-based inspection method, the helicopter is flown over the power transmission lines with a video camera filming the conditions of the power lines. The videos are then reviewed manually by the power grid experts in the office. This inspection method is expensive and rough, what is more, it is unavailable in the bad weather.
Over the past years, transmission line inspection practices have been significantly influenced by innovative tools and working methods. As in many fields of application, robot is making its mark on transmission line inspection. Research on the mobile robot, which can be applied to inspect power transmission lines, has arose some researchers' interests for it can perform part or all tasks of power transmission line condition inspection and release workers from dangerous and tedious work. However, limited by the climbing capability and other capabilities, the inspection robot is still under research and has not been put into practical application.
The research on the inspection robot has started from the end of 1980s. A wheeled mobile robot with an arc-shaped arm is described by Jun Sawada and Kazuyuki et al in [1] . When encountering a tower obstacle, the arc-shaped arm plays a role of a guide rail, which is beneficial to negotiate the obstacles on the power transmission line. In [2] , a new type of mobile robot mechanism is reported, which is consisted of dual arms, 4 set of actuators and crawlers. The robot can run on the power transmission line and negotiate the tower obstacles. In [3] - [4] , the robot named Expliner is composed of a vehicle and a manipulator, which can cross the obstacles by adjusting the centroid. Currently, many research institutes have set foot in the related research area [5] - [15] . However, the robots mentioned above always have poor climbing performance in traveling, although some measures have been adopted. Large diameter driving wheels and grippers are the most common solutions to improve the climbing capability of the inspection robot. The robot with large diameter driving wheels can improve the climbing performance to certain extent, but the large diameter wheels have to be driven by the large power motors and more energy will be consumed. And although the grippers can enhance the adhesion force of the driving wheel to make the robot climb an inclined line with a large angle, but they have to keep open in traveling. The open grippers will no longer offer enough adhesion force for the robot.
For an attempt to resolve the problem mentioned above, we developed a novel inspection robot, which consists of two active arms and two assistant arms. The active arms are driven by servo motors, and the assistant arms are in favor of climbing along the inclined line with a large angle. The novel inspection robot is adaptable to the power transmission line in some severe environments, where the distance between two towers is large and the power transmission line is always inclined with a large angle. This paper is organized as follows. The background and robot design are described in Section II. Section III discusses the climbing capability in traveling respectively when the assistant arms are drawn back and stretched out. Obstacle negotiation mode and analysis are presented in Section IV. In Section V, several simulations are accomplished and the results are analyzed. Finally, Section VI gives a conclusion for our work. The research findings offer some references for the inspection robot mechanical design and autonomous control.
II. INSPECTION ROBOT DESIGN
A. Background
Fig. 1 Environment of power transmission lines
The typical environment of power transmission line is shown in Fig. 1 . The main obstacles on the power transmission lines are dampers and splicing sleeves. The damper is applied to retrain the vibration of the power transmission line and reduce the abrasion of power equipment. Usually, 4~6 dampers are installed symmetrically in a span as required. The splicing sleeve is used for connecting the lines and fixing up broken strand. For the field power line inspection application, a mobile robot must have the ability to negotiate those obstacles. The good news is that little inclined lines nearby obstacles is conducive to the robot's locomotion. However, due to the large distance between two towers, the middle part of a transmission line span is sometimes inclined with a large angle of 40° and it is a great challenge for the inspection robot. Therefore, climbing capability is the key performance for the inspection robot applied in such hash environment.
B. Robot Design
The novel inspection robot mechanical system sketch is shown in Fig. 2 . The robot consists of a couple of driving arms ( Fig. 2(6, 8) ) and a couple of assistant arms. Each driving arm has a wheel ( Fig. 2(5, 9) ) for rolling along the lines. Each assistant arm ( Fig. 2(4, 10) ) has a prismatic joint ( Fig. 2(3, 11) ) for driving the arm upward and downward, two wheels ( Fig.  2 (1, 2; 12, 13)) for contacting with the lines with different combination modes. The assistant arms can stretch out and draw back easily through prismatic joints. And the driving arms are both drove by servo motors independently. With the wheel structure, the inspection robot has the ability to travel continuously along the power transmission line, and the friction between the wheels and line is not harmful to the line. Furthermore, the wheel drive mode has some advantages, such as short transmission chain, driving easily and etc. When the robot encounters inclined lines with a large angel, the assistant arms can stretch out and give pressures to the line.
Fig. 2 Mechanical system sketch of the robot
Due to the effect of the added pressures, the inspection robot obtains enough adhesion force in addition, which positively improve the climbing capability of the robot. When the robot meets the obstacle, the assistant arms are also necessary and helpful. With the cooperation of the driving arms and the assistant arms, the robot can finish the obstacle negotiation easily in proper order. The control system and the inspection devices are arranged in the control box ( Fig. 2(7) ) which is installed in the middle of the robot.
III. ANALYSIS OF CLIMBING CAPABILITY
Climbing capability is the main challenge for the novel inspection robot, which will work in the severe environment. In this section we will discuss the climbing capability of the inspection robot in detail when the robot travels along the lines in two typical ways. Fig. 3 The quasi-static model with assistant arms inactive When the inspection robot moves along the power transmission line with a small angle, the assistant arms are drown back. The quasi-static model is set up for analysis of the robot's locomotion, as shown in Fig. 3 . The inspection robot is suspended on the power transmission line with two wheels, which are driven by servo motors independently.
A. Climbing Capability with Assistant Arms Inactive
Ignoring the internal friction of drive system, the climbing capability of the robot depends on the relationship between the Nr total driving force and the resistant force. The travelling wheels offer the required driving force F for the inspection robot, and the resistance Fz comes from the gravity of the robot, as given by (1) and (2) .
where Tf, Tr, G, R and α are respectively the output torque of fore and rear arms, gravity of the robot, radius of driving wheel and inclined angel of the line.
The friction force f between the wheels and lines is obtained by (3) . where Nf, Nr and k are respectively the support force of fore and rear arms and coefficient of friction between driving wheels and the line.
When the resistant force is equal to the friction force, the robot achieves optimal climbing capability. At this moment, the robot is in a state of balance, where
Eventually, the line angel, which the robot can climb successfully, is formulated by (6) .
, we can find the factors that affect the climbing capability of the robot, such as the gravity of the robot, the output torque of the servo motors and coefficient of friction between the wheels and lines. Fig. 4 The quasi-static model with assistant arms active When the inspection robot encounters inclined lines with a large angle, the assistant arms will stretch out to produce proper pressures and enhance the adhesion forces between the driving wheels and lines. The quasi-static model is established for the analysis of the robot's climbing locomotion, as shown in Fig. 4 . The inspection robot is driven by two servo motors as the same locomotion mode as the former. The driving force and the friction force between the wheels and lines can be obtained from (1) and (3).
B. Climbing Capability with Assistant Arms Active
Due to the added pressures from the assistant arms, the total resistant forces and the support forces on driving wheels are changed. The robot mechanical state can be given by (7) ~ (10). where Faf and Far are respectively the friction forces of fore and rear assistant arms, Naf and Nar are respectively the support forces of fore and rear assistant arms.
Supposing that the output torque of the servo motors is enough to drive the robot, when the resistant force is equal to the friction force, the robot has the best climbing capability. The critical condition is formulated as (11) .
z F F
Finally, we can deduce the maximal angel according to equations (1), (3) and (7) ~ (11), as shown by (12). From (10), we can find out the climbing capability of the robot has a close relationship with added pressures generated by the assistant arms when the assistant arms are against the line. However, the pressures from the assistant arms will bring about some transformation in the power transmission line, which may be harmful to the robot's locomotion. Therefore, we must keep the pressures from the assistant arms in a proper range.
IV. OBSTACLE NEGOTIATION MODE

A. Obstacle Negotiation
Obstacle negotiation is the basic capacity of the inspection robot to be interactive with the power transmission line. The obstacle negotiation model is described by the following sequence chart, as shown in Fig. 6 . The inspection robot can easily negotiate obstacles like dampers and splicing sleeves. The process of driving arm and assistant arm is approximately composed of four steps, and the detailed descriptions are as follows.
x Step. 1: the robot travels along the power transmission line, and slowly move forward when the fore assistant arm gets close to the obstacle. The robot stops to move and the fore assistant arm starts to break away from the line. When the fore assistant arm retracts at a distance and makes way for the obstacle suitably, the robot goes on moving forward along the line until the fore assistant arm accomplish obstacle negotiation process. After this obstacle negotiation process the fore assistant arm extends to keep in touch with the line again.
x Step. 2: when the fore driving wheel contacts with the obstacle, the robot stops to move. Then, fore assistant arm retracts and rear assistant arm extends so that the fore arm of the robot can depart from the line to a distance. The robot starts to move forward until the distance is enough to keep fore arm away from the obstacle. After the obstacle negotiation is completed, the robot returns to the primary posture to move again.
x
Step. 3: however, the obstacle negotiation process of rear arm is quite similar to the fore arm. The difference between the two processes is that the movements of assistant arms are just inverse.
Step. 4: Finally, the obstacle negotiation process of the rear assistant arm is similar to the fore assistant arm. When the robot finishes the whole obstacle negotiation process it will continue to move forward.
Fig. 6 The Obstacle negotiation process
When the robot encounters another obstacle, it can negotiate the obstacle completely by repeating the above process.
B. Obstacle Negotiation Analysis
From the whole obstacle negotiation model, we can find out that the most challenge is obstacle negotiation of fore and rear arm. From step 2 and 3, when the fore arm negotiates obstacle the robot will be in an adverse state due to fore arm and rear arm are detached from the line. Therefore, some analysis must be given to check out whether or not the robot can complete the above obstacle negotiation process. Fig. 7 The quasi-static model of obstacle negotiation
The quasi-static model is established when the fore arm negotiates obstacles, as shown in Fig. 7 . And the robot mechanical state can be given by (14) .
where M, N and γ satisfy:
and the definition of L0, L1, L2 and L3 are shown in Fig. 7 . And R is the radius of the driving wheel, γ is the inclination angle of the robot and it can be told from angle sensor.
For the obstacle negotiation of rear arm the critical condition is formulated as (15) .
Substituting (12), (13) and (14) into (15), (15) can be written in the form of (19).
To complete the obstacle negotiation successfully, the relevant parameters, such as L0, L1, L2, L3 and R, must be equal to proper value so that the pressure from the rear assistant arm can be kept in a suitable range.
V. SIMULATION
To make sure that the design of the novel inspection robot is able to meet the requirements mentioned above, simulation should be taken to imitate the situation when the robot travels along the inclined line with a large angel, where the typical obstacles, such as vibration dampers and splicing sleeves, are installed as required. The simulation is used to verify the reasonableness of the design mentioned above with the help of Matlab and Adams. For the solid model, the gravity of the robot is equal to 352.8 N, and the other parameters k and ka are equal to 0.6 and 0.35 respectively.
A. Climbing Capability
When the assistant arms are drawn back, if the servo motors can provide optimal driving forces, which are equal to the resistant friction forces between the driving wheels and the line, the inspection robot can develop the best climbing capability and climbs along a line with a 31° slope. Fig. 7 The relationship between pressure and climbing capability Fig. 8 The relationship between weight and climbing capability Fig. 9 The relationship between torque and climbing capability
Since the assistant arms stretch out and give pressures to the power transmission line, the line will inevitably come about little deformation. According to the results of some experiments, the maximum total pressure cannot exceed 300 N. We can get the relationships between the pressures from the assistant arms and the climbing capability of the robot by making good use of equation (6), as shown in Fig. 7 .
If we set weight of the robot and driving torque of servo motors as variables respectively and make other parameters constant, the relationships between them and the climbing capability of the robot can be obtained by equation (12) , as shown in Fig. 8 and Fig. 9 .
In order to verify the calculation model of Matlab, we can put the three-dimensional robot model into Adams to check out, as shown in Fig. 10 . To begin with, we chose a virtual line with an increasing slope; after that, set up all necessary parameters and let the robot move along the line. When the accelerate velocity of the robot is equal to zero, the robot performs the best climbing capability. Fig. 10 The simulation model Changing the pressures given by the assistant arms, we obtain the corresponding maximum slope that the robot can climb. These relationships can be described by coordinate points as follows: (60, These points can be fitted into a curve, as shown in Fig. 11 . Fig. 11 The fitted curve
B. Obstacle Negotiation Planning
After defining the initial point and the destination point on the basis of the physical dimension of the obstacles, the three times interpolation polynomial method is adopted to plan the obstacle negotiation for the robot. Hypothesis that 18 seconds has been spent in the obstacle negotiation process of rear arm, as shown in Fig. 6 . Taking no account of deformation of the line, the parameters of the main locomotion unit are shown in Table І .
We put the results of the trajectory planning into Matlab and get the displacement curve of the rear assistant arm, as shown in Fig. 12 . Fig. 12 The displacement curve of the rear assistant arm
C. Results and Analysis
From the comparison of Fig. 7 and Fig. 11 , we can find out that the assistant arms certainly enhance the climbing capability of the robot. Fig. 8 and 9 show that weight of the robot is harmful and driving torque is beneficial to climbing capability of the robot. However, when the driving torque exceed a certain definite value, the climbing capability stays at the same level. What's more, the robot will start to slip and more energy will be consumed. For the robot can achieve the best climbing performance, the relevant parameters must be at the optimal state. Fig. 12 shows that the robot can move smoothly in the obstacle negotiation process. From the obstacle negotiation mode the benefits of assistant arms can be summarized as less energy-consuming and more adaptability.
VI. CONCLUSION
The design and analysis of a novel inspection mechanism for power transmission line have been presented in this paper. The wheel-arm hybrid locomotion mechanism, with the advantages of wheeled robots and arm robots, allows the robot to move fast and negotiate obstacles easily. A specially designed arm system combines a couple of driving arms and a couple of assistant arms, which improve the climbing capability of the robot observably. Besides, the assistant arms are very helpful to negotiate obstacles and adapt to the harsh environments for the robot. The results of simulations verify that the robot has such characteristics as excellent climbing capability and good obstacle negotiation performance.
Future work will be aimed at manufacturing the robot prototype, utilizing the dynamics model to control the novel inspection robot and carrying out field experiments. The sensor system will also be improved to permit the robot to sense the environments accurately.
